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A comprehensive characterization of the compound Fe2VAl was carried out. Samples grown by arc melting
or the Bridgman method have Al and Fe deficiencies of up to 5 at. %. Czochralski-grown samples were Fe rich
and Al deficient. X-ray diffraction implies appreciable antisite disorder in all of our samples. Fourier-transform
infrared ~FTIR! spectroscopy measurements showed that the carrier density and scattering time had little
sample-to-sample variation or temperature dependence for near-stoichiometric samples. FTIR and dc resistivity
suggest that the transport properties of Fe2VAl are influenced by both localized and delocalized carriers, with
the former primarily responsible for the negative temperature coefficient of resistivity. Magnetization measure-
ments reveal that near-stoichiometric samples have superparamagnetic clusters with at least two sizes of
moments. We conclude that in Fe2VAl, antisite disorder causes significant modification to the semimetallic
band structure proposed theoretically. With antisite disorder considered, we are now able to explain most of the
physical properties of Fe2VAl. None of our data suggest heavy-fermion behavior in our samples.
DOI: 10.1103/PhysRevB.63.165109 PACS number~s!: 72.15.2v, 61.10.2i, 78.30.Er, 72.15.Rn
I. INTRODUCTION
Fe2VAl has a number of properties that make it of current
interest. Its high resistivity and negative temperature coeffi-
cient of resistivity @~TCR!, defined as d(lnR)/dT# distinguish
it from conventional intermetallic compounds.1 Yet, contrary
to an intermetallic semiconductor, photoemission experi-
ments on Fe2VAl suggest a reasonable density of states
~DOS! at the Fermi level EF .1,2 The electronic specific-heat
coefficient was also reported to be enhanced.1,3,4 Despite the
presence of Fe, this Heusler alloy does not order ferromag-
netically, at least above 4.2 K,1,5 although some samples
show evidence of superparamagnetism ~SPM!.5
As V is doped into the Heusler alloy Fe3Al with the fcc
D03 structure, no abrupt structural transformation is
observed.1,5 There have been different nomenclatures for the
resultant Fe2VAl to imply structural information. In this pa-
per, we use Fe2VAl as the name of the stoichiometric com-
pound. FeVFeAl and FeFeVAl are used to indicate the basis
along the body diagonal in the D03 unit cell. In FeVFeAl, V
has replaced the Fe which has Oh site symmetry in Fe3Al,
resulting in the cubic L21 structure. If all the V atoms inter-
change with the same neighboring Fe atoms in FeVFeAl, the
basis becomes FeFeVAl. In fact, FeFeVAl and FeVFeAl are
the only two possible D03 bases in Fe2VAl.
Several band-structure calculations have been carried
out,6–9 all of which found FeVFeAl to be a nonmagnetic
semimetal with a low carrier concentration, about one elec-
tron and hole for each 350 unit cells. The density of states
~DOS! of FeVFeAl at EF is about 0.1/eV per f.u.8 For com-
parison, the calculated DOS at EF of FeFeVAl and Fe3Al are
about an order of magnitude larger than that of FeVFeAl.6 Fe
atoms, when placed on the V sites, carry local moments of
1.8mB in FeFeVAl,6 2.2mB in various Fe21xV12xAl
supercells,7 and 3.0mB in near-stoichiometric Fe2VAl.9
These papers, however, gave different opinions on the trans-
port properties and effective-mass enhancement at EF . Guo
et al.6 excluded electron-phonon coupling and expected spin
fluctuations in FeVFeAl to be the main cause of the en-
hanced effective mass, while the negative TCR was due to
carrier localization. Singh and Mazin7 argued that magnetic
moments, due to nonstoichiometry and antisite defects, may
be responsible for a large effective mass and the complex
transport properties from low-density carriers interacting
with localized magnetic moments. Weht and Pickett8 pro-
posed dynamic correlations between holes and electrons as
responsible for the resistivity. Bansil et al.9 treated the sub-
stitution of Fe with V within the coherent-potential approxi-
mation. Recognizing the possibility of samples’ having sto-
ichiometry problems and antisite defects, they stated that
Fe2VAl may have the character of a heavy fermion material.
In the following we report a variety of measurements on
several samples of Fe2VAl. Our measurements include com-
position ~by atomic emission spectroscopy!, infrared reflec-
tance, x-ray diffraction ~XRD!, magnetization, and conduc-
tivity measurements. None of the samples were exactly
stoichiometric due to the preferential loss of Al and Fe in arc
melting, and composition gradients in the Bridgman and
Czochralski growths. In both FeVFeAl and FeFeVAl, the
~111! reflection should be present in the XRD patterns for an
fcc lattice, but in all patterns reported here, this reflection is
found to be very weak. We modeled the XRD patterns by
several possible antisite structures and show that certain site
interchanges can account for the weakened ~111! peak, al-
though a unique crystal structure cannot be determined. The
infrared ~IR! spectra can be described accurately by Lorent-
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zian oscillators representing the IR-active phonons, a single
Drude term representing either electrons or holes, and a high-
frequency dielectric constant. Magnetization measurements
with varying field and temperature confirmed the existence
of SPM. The anomalous dc resistivities, although influenced
by the magnetic states of the samples, are largely caused by
antisite disorder. The Boltzmann formalism of conduction
breaks down because of the very short mean free paths of the
carriers. Localization due to site disorder, compounded with
the low density of carriers in the ordered phase, is respon-
sible for the very large residual resistivity and negative TCR.
We found that Fe2VAl samples grown from the above meth-
ods are not single-phase Heusler alloys with the FeVFeAl
structure. Their physical properties are the direct result of
this deviation.
II. SAMPLES AND EXPERIMENTS
Polycrystalline samples were grown by arc-melting
~samples A1 and A2!. Samples B1 and B2 were grown by
the Bridgman method. We also obtained some single-crystal
samples grown by the Czochralski method10 ~sample C!.
Sample A1 was repeatedly melted on a water-cooled copper
hearth with a partial pressure of argon, starting from high-
grade Fe, V, and Al. The ingot was kept at 1273 K for two
days. It was then cut in half and further annealed at 1273 K
for 1 h and 673 K for 4 h. Sample A2 was similarly arc
melted and then annealed at 1073 K for two days before
cutting. The weight loss was 0.8% for sample A1 and 1.0%
for sample A2. Optical samples from A1 and A2 were fur-
ther annealed for 12–17.5 h at 673 K to remove surface
strain due to mechanical polishing. We studied the effect of
annealing in arc-melted samples with magnetization and re-
sistivity measurements. The individual histories of samples
are listed in Table I.
For the growth of the Bridgman sample, Fe, V, and Al
~99.5% or better! were arc melted into buttons then drop cast
into a chilled copper mold. The crystal was grown from the
as-cast ingot in an alumina crucible. To reduce the Al vapor-
ization during crystal growth the furnace was backfilled to
3.4 atm with argon running through an in-line gettering fur-
nace after the chamber and sample had been outgassed at 773
K. The sample was kept at 1923 K for 1 h to allow thorough
mixing before being withdrawn from the hot zone at 5.5
mm/h. Heat treatment of the sample was one week at 1273
K, followed by 4 h at 673 K. Sample B1, from the tip of the
single crystal, shows better-defined spots in Laue patterns
than sample B2, which was cut from further along the ingot.
Chemical analysis using inductively coupled plasma
atomic-emission spectroscopy ~ICP-AES! was performed.
XRD experiments used Cu Ka I and II lines in Debye-
Scherrer geometry. Reflectance measurements were made
down to 20 meV at room temperature using a Nicolet FTIR
spectrometer, and down to 5 meV at 4 K using a Bomem
~FTIR! spectrometer with a 4.2 K Si bolometer detector. The
electrical resistivity was measured from 1.8 K to 300 K using
a standard four-probe technique. Due to the uncertainty of
the bar dimensions and the contact separation, there is an
approximate uncertainty of 610% in the absolute values. dc
magnetization was measured using a commercial SQUID
magnetometer.
III. CHEMICAL CHARACTERIZATION
The ratios of atomic-emission intensities are tabulated in
Table II. In most of the near-stoichiometric samples, an Fe
and Al deficiency relative to V is clear. Comparing the total
masses estimated from the integrated intensity of atomic
emission with those weighed before the ICP-AES experi-
ments, all samples suffer about 2% weight loss in the prepa-
ration of solutions, except for sample A1 with its 5% weight
loss and some white precipitate in the solution. The precipi-
tate presumably consists of an impurity from the crystal, or
Al2O3. The vapor pressures of Al and Fe at 1273 K, the
annealing temperature, are 1024 and 1026 Torr, respectively,
and that of V is negligible. The loss of Al and Fe in arc-
melted ingots could very well be from their preferential
evaporation in the growth process and in the high-
temperature annealing. Assuming there is no loss of V, the
above atomic ratios translate to weight losses of 1.6% for
sample A1 and 2.6% for sample A2. These ICP-AES atomic
ratios tend to overestimate the loss, when compared to the
weight loss after the arc-melting growth. We suspect the arc-
TABLE I. Annealing histories of arc-melted samples.
Samples Annealing process
A1 At 1273 K ~48 h11 h after cutting! and at 673 K ~4 h!
A1-optical At 1273 K ~48 h11 h after cutting!, at 673 K ~4 h!,
and at 673 K ~12 h! after polishing
A2-5a, 5b, 5c, 5d At 1073 K ~48 h!
A2-5b-ANN Sample A2-5b further annealed at 673 K ~30 h!
A2-optical, 2b, 2c At 1073 K ~48 h! and at 673 K ~17.5 h!
A2-2c-ANN Sample A2-2c further annealed at 1273 K ~1 h!
and various anneals below 723 K
TABLE II. ICP-AES results for Fe2VAl samples. The standard
deviations are given in brackets in the first column.
Atomic ratio A1 A2 B1 B2 C
Fe/2V (3.3%) 0.99 0.96 0.90 0.98 1.05
Al/V (3.0%) 0.95 0.98 0.83 0.99 0.98
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melted Fe2VAl samples were already Fe and Al deficient
right after growth. Bridgman sample B1 is off stoichiometry
but sample B2 looks reasonable. This difference arises from
the interplay of the temperature gradient from the pedestal to
the melt, and the convective and diffusive mixing that are
particular to the Bridgman method. Although the stoichiom-
etry of sample B1 is quite different from those of the others,
we keep it in our study for comparison. The Czochralski
sample is Fe rich. This deviation is presumably also from the
crystal growth. We regard all samples except B1 and C to be
be near stoichiometric. Although Al and Fe deficiencies will
cause a shift of EF , it is considered to be insignificant. Scan-
ning electron microscope studies show that both the polished
and unpolished surface of sample A2 are homogeneous
within 5 at. %.
IV. POWDER X-RAY DIFFRACTION
In the history of Fe2VAl characterization, different struc-
tures have been proposed, based on powder XRD results.
Early research on FeAl12xVx ~Ref. 11! identified the forma-
tion of FeVFeAl through powder XRD and neutron scatter-
ing. Few guesses of possible structures were used to settle on
this structure. Nevertheless, the agreement between theory
and experiment appeared to be excellent. Later, Popiel et al.5
attempted to obtain the occupation-number distribution for
every constituent at every site of the D03 structure from
experimental powder XRD. Few details were provided for
this complicated process but they concluded that V prefers to
be in the FeFeVAl ordering, rather than FeVFeAl. They also
noticed that the ratio of structure factors for ~111! to ~200!
reflections decreased throughout the Fe32xVxAl series with
increasing x, reaching about 0.2 at Fe2VAl. Structural disor-
der was suggested. Recently, Nishino et al.1 claimed Fe2VAl
to be FeVFeAl, although diminished ~111! and ~200! peaks
were also reported. Here we present our data and analysis to
show that FeVFeAl is not the only crystal structure in
Fe2VAl, and the suppression of the ~111! and ~200! peaks
can be explained by structural disorder.
We used the PowderCell 2.1 program12 and an experi-
mental lattice constant of 5.761 Å to calculate peak intensi-
ties for all structures considered, with a Debye-Waller factor
of 0.9 for each atom. In ideal FeVFeAl, the strongest peaks
have Miller indices of ~220!, ~422!, ~400!, ~200!, and ~111!,
shown in Fig. 1. The calculated intensity ratios F (111)
2 /F (220)
2
,
F (200)
2 /F (220)
2
, F (400)
2 /F (220)
2
, and F (422)
2 /F (220)
2 are 0.043,
0.065, 0.133, and 0.229, respectively. Although in our calcu-
lations F (111)
2 /F (220)
2 agrees very well with the calculated and
experimental value in Ref. 11, our calculated F (200)
2 /F (220)
2 is
0.065 instead of the 0.5 reported for both calculations and
experiments.11
All our experimental XRD profiles ~of sample A1, A2,
B1, B2, and C! were similar and none showed any unex-
pected peaks above the 1% detection limit. Measured pat-
terns of samples A2 and B1 are shown in Fig. 1, along with
the calculated patterns for FeVFeAl and FeFeVAl. Peak
heights were normalized to that of the ~220! peak which was
given an intensity of 100. All measured spectra show a ~111!
peak at about 2u.27° with strongly suppressed intensity,
and a ~200! peak slightly reduced from the calculated values
for FeVFeAl, at 2u.31°.
In addition, the patterns from samples A1, A2, B2, and C
had shoulders on the low-angle sides of the ~220!, ~400!, and
~422! peaks, but sample B1 had almost no such shoulder.
~Since the ICP-AES analysis showed sample B1 to be chemi-
cally different from others, we should note that about 10%
chemical disorder may not distort the diffraction pattern no-
ticeably.! These shoulders scaled in intensity with their re-
spective main peaks, indicating a close connection in origin.
We also annealed some powder from sample A1 at 673 K for
30 h, and powdered part of the annealed optical sample A2.
In both cases, the lower-angle shoulders of the diffraction
peaks were no longer visible. Therefore, these shoulders
probably originated from the bulk, not from the grinding
process. However, the F (111)
2 /F (200)
2 ratio of sample A1 be-
comes even smaller after annealing.
We did numerical fitting to our XRD data to obtain rela-
tive peak intensities. A fourth-order polynomial was used to
fit the background, which was then subtracted. Assuming a
Lorentzian line shape for each peak, we acquired the inten-
sity ratios of F (111)
2 /F (220)
2 and F (200)
2 /F (220)
2 and tabulated
them in Table III. We also used two Lorentzians for the
~220! peaks. F (200)
2 /F (220)L
2 and F (200)
2 /F (220)H
2 in the table re-
fer to ratios to the shoulders at lower angles and to the main
peaks at higher angles of the ~220! peaks. It is noted that
F (111)
2 and F (200)
2 scale better with the main peak or the total
of ~220!, rather than with just the shoulder. For all samples
except B1, we also found d220,L /d220,H5d400,L /d400,H
FIG. 1. Powder XRD patterns of Fe2VAl.
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5d422,L /d422,H , where dhkl is the spacing between planes
with Miller index of (hkl).
Since most of the peak ratios roughly agree with the pre-
dicted values for FeVFeAl, we assign all our samples to be
close approximates to this structure. However, the shoulders
and the reduced ~111! and ~200! intensities require some
modification to the structure. Since the FeFeVAl phase en-
hances the ~111! peak relative to the ~200! peak ~see Fig. 1
and Table IV!, its presence does not help explain our XRD
profiles. The calculated effect of vacancies did not agree with
experiments either. Within the structure of FeVFeAl, reduc-
ing the atomic form factor of Al by 10% increased both
~111! and ~200! intensities with respect to that of the ~220!,
while reducing the Fe form factor increased the ~111! inten-
sity and reduced that of the ~200!.
We consider site-interchange disorder as the possible
cause of the weakened ~111! peak. Instead of constructing
many supercells to model antisite disorder, we treated each
lattice site as being statistically occupied. With no indication
of a structural transition,1,5 it is reasonable to assume that the
underlying lattice for Fe2VAl is the D03 structure, with basis
atoms at (0,0,0), ( 14 , 14 , 14 ), ( 12 , 12 , 12 ), and ( 34 , 34 , 34 ). At
each basis site, we assumed fractional occupation by Fe, V,
and Al in units of 12 atom. With few exceptions, the diffrac-
tion intensities for non-half-integer occupancy can be inter-
polated from those with half-integer occupancy. This choice
of quantization reveals the necessary features of the diffrac-
tion pattern without extensive calculations. We assumed full
stoichiometry for the model structures.
We can categorize the structures by the number of sites
with identical occupancy and determine the crystal symme-
try, or space group, through site-symmetry analysis.13 There
are 13 possible atomic arrangements that keep the proper
stoichiometry, all listed in Table IV. When two atoms A and
TABLE III. Experimental XRD intensity ratios with standard deviations in brackets.
Sample
F(111)
2
F (200)
2
F (200)
2
F (220)tot
2
F (200)
2
F (220)L
2
F (200)
2
F (220)H
2
A1 0.44(10%) 0.033(3%) 0.11(9%) 0.045(4%)
A2 0.37(5%) 0.032(2%) 0.12(6%) 0.041(2%)
C 0.27(32%) 0.030(7%) 0.091(11%) 0.043(8%)
B2 0.30(18%) 0.048(5%) 0.21(18%) 0.062(8%)
B1 0.33(13%) 0.036(3%) 0.17(18%) 0.045(6%)
A1a 0.26(17%) 0.052(5%) - -
aPowder from sample A1 further annealed at 673 K for 30 h.
TABLE IV. All the theoretical structures considered for antisite disorder and the ratios of powder pattern
intensities. In the ‘‘Atomic arrangement’’ column the sequence is (0,0,0)-( 14 , 14 , 14 )-( 12 , 12 , 12 )-( 34 , 34 , 34 ). FA
5Fe/Al, FV5Fe/V, and VA5V/Al. See the text for explanations.
Space group Atomic arrangement
F(111)
2
F (200)
2
F (111)
2
F (220)
2
F (200)
2
F (220)
2
Pm(23)ma Fe-VA-Fe-VAa* 0.000 0.000 0.065
Pm(23)ma FV-FA-FV-FAb* 0.000 0.000 0.021
Fd(23)m FV-FA-FA-FV ‘ 0.021 0.000
Fd(23)m VA-Fe-Fe-VAg ‘ 0.064 0.000
Fm(23)m Fe-V-Fe-Ald b 0.650 0.043 0.065
Fm(23)m FV-Al-FV-Fe 3.750 0.080 0.021
Fm(23)m FA-V-FA-Fe* 0.270 0.006 0.021
F(24)3m Fe-Fe-Al-Vc 4.020 0.085 0.020
F(24)3m FV-FV-Al-Fe 1.520 0.060 0.040
F(24)3m FA-FA-V-Fe 8.050 0.024 0.003
F(24)3m Fe-VA-FV-FA* 0.071 0.003 0.040
F(24)3m Fe-VA-FA-FV 13.000 0.040 0.003
F(24)3m FV-VA-FA-Fe ‘ 0.043 0.000
72.6% of a and 27.3% of g 0.37 0.017 0.047
70.9% of b and 29.1% of d 0.37 0.013 0.034
aIts proper lattice constant is half of 5.761 Å.
bThis is the FeVFeAl phase mentioned in the text.
cThis is the FeFeVAl phase mentioned in the text.
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B share the same site, the label A/B is used. We calculated
all the peak intensities and normalized them. Because of a
sum rule,11 the intensities of the ~220!, ~400!, and ~422!
peaks of these 13 structures were identical, hence not useful
for discrimination.
Only four types of structures can yield a reduced
F (111)
2 /F (200)
2
. They are starred in Table IV. Any one, or sev-
eral, of these can mix with FeVFeAl or other phases with
high F (111)
2 /F (200)
2 values, to produce a powder pattern close
to the experimental one. They may also produce the ob-
served shoulders because of the slightly different lattice pa-
rameters of the phases involved. The XRD profile is then a
weighted average of that of each phase. The bottom two
rows in Table IV list two phases that can give an
F (111)
2 /F (200)
2 of 0.37, the average of samples A1, A2, and B2.
So far we have established antisite structural disorder as
the probable reason for the distorted XRD patterns and that
annealing at 673 K does not restore the FeVFeAl structure,
although the XRD shoulders are reduced or eliminated. We
have not yet been able to pinpoint exactly what lattice struc-
ture our samples have. The major difficulties are due to the
vast number of possibilities for antisite substitutions in a
ternary compound and similar scattering form factors of Fe
and V. We do not know how much of a role nondiffracting
phases, if any, play in the overall picture. It is not surprising
to find such large antisite disorder in arc-melted Heusler al-
loys. XRD of the line-phase compound Fe3Al revealed a
structural disorder of 8%.14 Mo¨ssbauer experiments on Fe3Al
~Ref. 15! and (Fe12xVx)3Al ~Ref. 5! with 0<x<0.6 con-
firmed this antisite disorder and showed it persisting over the
V alloying process.
V. FTIR RESULTS
Reflection spectroscopy around the plasma edge is well
recognized as an accurate measure of carrier density and
scattering time for metallic alloys and semiconductors. Typi-
cally the dielectric function of metals is composed of a con-
stant e‘ and contributions from free electrons, phonons, and
interband transitions. e‘ accounts for the contributions from
interband transitions at higher energies.
Figure 2 shows the reflectance R(v) of samples A1, A2,
B1, and B2. ~Because of the small size of sample C, we were
not able to measure it.! There are two peaks around 0.03 eV
and 0.045 eV in all samples. Besides these two peaks, a tiny
feature is also seen around 0.04 eV in sample A2, which
shifts to lower energies with decreasing temperature. Bridg-
man sample B1 has an additional peak around 0.06 eV.
There is no significant change in R(v) of sample A2 from 4
K to 300 K, suggesting similar Drude contributions at all
temperatures. Other samples, except B1, seem to have simi-
lar carrier densities and scattering times. Recent optical con-
ductivity measurements show that Fe2VAl has interband
transitions peaking at 1.1 eV, with a threshold above the
Drude contribution around 0.1 eV.16,17 We therefore tend to
regard the upturn of samples A2 and B2 near 0.08 eV as the
onset of interband contributions.
The peaks at 0.03 and 0.045 eV are readily identified as
phonon peaks for the following reasons. First, inter-valence-
band transitions depend strongly on the available states be-
low and above EF . At infrared frequencies, the strength of
these transitions is strongly influenced by thermal broaden-
ing of the Fermi function. If the 0.03-eV peak were due to
interband transitions, its intensity and width would have
changed significantly when the temperature increases from 4
to 300 K. Optical phonons are, however, much less tempera-
ture sensitive. Second, it is not unusual that disorder changes
energy eigenstates near EF thereby altering the frequency,
width, or intensity of interband transitions. With all of the
phonon peaks aligning in energy and having similar width
and intensity ~numerically shown in Table V!, we believe
that both peaks are of phonon origin, not from inter-valence-
band transitions. Third, IR radiation excites transverse opti-
cal ~TO! phonons of certain symmetry at the Brillouin-zone
center according to dipole selection rules.
Correlation-method13 analysis applied to FeVFeAl with
space group Fm(23)m results in two doubly degenerate TO
modes with F1u symmetry which are IR active. A third dou-
bly degenerate TO mode has F2g symmetry and is Raman
active but not IR active. In contrast, the FeFeVAl with space
group F(24)3m has three IR active phonon modes with F2
symmetry. The survival of these phonon features in the pres-
ence of structural disorder hints at the dominance of
FeVFeAl-like regions in all near-stoichiometric Fe2VAl
samples.
To understand these spectra quantitatively, we fit each
R(v) with a sum of a Drude term for the free carriers and
Lorentz oscillators for the phonons, together with a constant
e‘ . Since only one Drude term was needed to yield a good
fit, we will mention only the electronic carriers later on, al-
though holes can as well be present or dominant. Carrier
densities and scattering times can be determined, assuming a
free-electron mass. Two Lorentz oscillators for samples A1,
A2 ~at 4 and 300 K!, and B2, and three for sample B1, were
used in the fitting process. The fit was excellent for all
samples except for the minor feature around 0.04 eV in
sample A2. The best-fit parameters are listed in Table V. The
self-consistency of this fitting is confirmed on sample A2 by
comparing the optical conductivity calculated with its best-fit
parameters and that from a Kramers-Kronig transformation
of its full range R(v),17 in which only R(v) below 0.02 eV
FIG. 2. Far-IR reflectivity of Fe2VAl.
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and above 22 eV were extrapolated. It should be pointed out
that assuming a constant e‘ is appropriate, as optical con-
ductivity data16,17 show negligible interband transitions be-
low 0.1 eV.
The fitting results confirmed that the carrier concentra-
tions of samples A1, A2 at 4 and 300 K, and B2 are similar.
Their average at 300 K, 3.531020/cm3, agrees with that re-
ported in Ref. 16. The carrier density for sample A2 at 300 K
is 0.017 electrons/f.u., comparable to the 0.024 carriers/f.u.
~Ref. 7! and 0.006 carriers/f.u. ~Ref. 8! predicted from first-
principles calculations, although these calculations yielded a
renormalized mass for the carriers. It is precisely because of
the low density of carriers that the TO phonons are not well
screened.
Despite the significantly larger carrier density of sample
B1, scattering times for all samples are close to 1.0
310214 s, a typical time scale for metals at room tempera-
ture. However, similar scattering times at 4 and 300 K indi-
cate that the scattering is not due to phonons. The product of
carrier concentration and scattering time of sample A2 be-
comes a bit larger from 300 K to 4 K, over which the resis-
tivity increases by almost a factor of 2, as shown in Sec. VII.
This fact requires another mechanism of transport besides the
conventional conduction described by the Boltzmann formu-
lation to account for the change of resistivity over tempera-
ture.
Variations in e‘ come from the dielectric response of va-
lence electrons at higher energies. If we take e‘ to be 200, an
average number in Table V, we can estimate the position of
the mean oscillator representing all valence electrons. With
24 valence electrons/f.u. contributing to this oscillation,
v05A4pe2nme‘ 51.9 eV.
This is fairly consistent with the position of the main peak of
the optical conductivity at 1.1 eV from our spectroscopic
ellipsometry.17
Lastly, we report that no pseudogap due to electron cor-
relation is observed in this material. Most of the pseudogaps
in strongly correlated materials, as in a similar 3d metallic
alloy FeSi,18–20 have a strong temperature dependence in re-
flectivity and optical conductivity. In contrast, our FTIR data
for Fe2VAl show that the concentration and scattering time
of free carriers remain nearly constant when the temperature
is changed. These electronic carriers do not appear to be
influenced by any temperature-dependent correlation mecha-
nisms.
VI. MAGNETISM
The magnetization and magnetostatic susceptibilities of
our Fe2VAl samples are shown in Figs. 3 and 4, respectively.
Magnetization was measured up to 5.5 T at 2 K and suscep-
tibility from 2 K to 350 K in 0.1 T for all samples. For
TABLE V. FTIR reflectivity fitting parameters.
A1 A2 A2 B2 B1
Temperature ~K! 300 4 300 300 300
Carrier density (1020/cm3) 5.0 2.0 2.2 3.3 25
Scattering time (10215 s) 7.9 13 11 9.6 7.4
e‘ 184 158 96.3 246 300
Phonon E1 ~meV! 29.5 29.6 29.7 29.9 30.1
E1 width ~meV! 0.79 1.1 1.0 2.8 1.5
Phonon E2 ~meV! 45.3 45.6 45.4 46.0 45.8
E2 width ~meV! 1.3 1.9 1.8 3.5 1.5
Phonon E3 ~meV! 61.4
E3 width ~meV! 4.3
Intensity ratio IE1 /IE2 3.9 3.8 4.1 2.7 3.4
FIG. 3. Magnetization of Fe2VAl measured at 2 K unless oth-
erwise specified.
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sample B2, magnetization was also measured at 30 K.
In Fig. 3, samples A1 and C have saturation moments
between 0.3 and 0.4mB /f.u. Their susceptibilities in Fig. 4
show a magnetic transition temperature near 20 K for sample
A1 and 50 K for sample C. The susceptibility of sample A1
above 20 K cannot be explained by the Curie-Weiss law.
However, sample C shows clear Curie-Weiss behavior
with meff52.8mB /f.u., TC553 K, and x0528.5
31026 emu/g, when the susceptibility above 70 K is fitted
with
x5x01
N f.u.meff
2
3kB~T2TC!
.
The stoichiometry measurement shows that sample C is iron
rich. The excessive Fe atoms might occupy the V or Al sites
and form ferromagnetic clusters. Nishino et al.1 have also
observed in their resistivity data that a slight increase of iron
content in Fe2VAl does result in ferromagnetism.
All A2-derived samples, even annealed at low tempera-
ture, have paramagneticlike magnetizations, as shown in Fig.
3. They do not saturate up to 5.5 T. The magnitude of mag-
netization of these samples is more than an order of magni-
tude smaller than those of samples A1 and C. There is no
hysteresis observed within the limit of the instruments. The
lack of hysteresis is considered a signature of paramagnetism
or SPM. Above the blocking temperature TB , the coupling
of SPM clusters is overwhelmed by the thermal energy, giv-
ing a magnetization described well by Brillouin functions
with large effective magneton numbers. These A2-derived
samples all appear to have TB less than 2 K. The inverse
susceptibility data of these samples cannot be explained by
the Curie-Weiss law with a single slope at high temperature.
Temperature might have an effect on the size of the SPM
clusters or the weak interaction among them to cause this
complicated magnetic behavior.
Additional annealing at 673 K does not change the mag-
netic properties of Fe2VAl in a significant way. The suscep-
tibility of samples A2-5b-ANN is reduced compared to
sample A2-5b but with no new features. However, sample
A2-2c, after being heat treated at 1273 K for 1 h, shows
enhanced susceptibility and magnetization, by a factor of 10
or more. Sample B2 has most of its characteristics similar to
those of A2-derived samples, although from the susceptibil-
ity a magnetic transition around 10 K is visible. It appears
that samples A2-2c-ANN and B2 are in intermediate mag-
netic states between those of samples A2 and A1. These
different states probably have variations in local stoichiom-
etry, the size of SPM clusters, or coupling among them. The
field-dependent resistivity, shown later in Sec. VII, also sug-
gests the magnetic transformation from samples A2 and B2
to sample A1.
Popiel et al.5 pointed out the existence of SPM in
Fe32xVxAl alloys. Across Fe32xVxAl they found through
Mo¨ssbauer and magnetostatic experiments that, with an in-
crease of V content, ferromagnetism weakens and SPM be-
comes prevalent for x.0.6. The reported magnetization of
Fe2.2V0.8Al has a similar shape and magnitude as those of our
sample A1, albeit a large difference in TB . ~Our susceptibil-
ity data are to be multiplied by a field of 0.1 T before com-
paring with their magnetization data.! They reported the mo-
ments of SPM clusters vary from 10mB to 104mB , according
to different isotherms of magnetization. Fitting our
magnetization-vs-field data with one Brillouin function was
unsuccessful. Using two Brillouin functions, or even better,
two Langevin functions,
s2s0
sS
5aFcothS m1HkBT D2 kBTm1HG
1~12a !FcothS m2HkBT D2 kBTm2HG
we were able to obtain an excellent fit, permitting the extrac-
tion of the moments m1 and m2, their relative fractions, a
and 12a , the average moment mavg @mavg5am11(1
2a)m2# , the total saturation magnetization sS , the field-
independent magnetization s0, and the cluster density
sS /mavg . The results of these fits are listed in Table VI. The
field-independent magnetization s0 , 331023mB /f.u., corre-
ponds to a susceptibility of 931025 emu/g, which is on the
same scale as the high-temperature tail of the susceptibility.
Because the Pauli susceptibility is field independent and al-
most temperature independent, it is probably the cause for
the s0 and the observed tail.
The concentrations of those two clusters are about con-
stant throughout all A2 samples. Annealing sample A2-5b
reduces the moments of both clusters but enhances the clus-
FIG. 4. Susceptibility of Fe2VAl measured at 1 kG.
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ter density. Sample B2 has about the same cluster fraction as
sample A2 but with a larger cluster moment. However, at 30
K it has predominantly one type of cluster with
11mB /cluster. Recently the field-dependent specific heat of
Fe2VAl was successfully treated with two-level Schottky
fits.3 An effective magnetic moment of 3.7mB per cluster and
a cluster density of 0.0037/f.u. was reported below 8 K.
These numbers are comparable to ours, obtained from iso-
thermal magnetization measurements. But we have identified
two kinds of SPM clusters with about equal concentration at
2 K.
VII. RESISTIVITY
Resistivities of all our samples are shown in Fig. 5. The
resistivity of sample B1 increases with temperature, typical
of metallic alloys. Sample A1 has a large residual resistivity,
a peak at 18 K, and monotonically decreasing resistivity at
higher temperature. The temperature of the peak matches
very well with its TB . The resistivity of sample C has a
similar shape but with a much larger residual and overall
resistivity. It peaks at 50 K, in accord with the change of its
susceptibility with temperature. The increase of resistivity
below TC of sample C and TB of sample A1 is apparently
due to magnetic scattering. For all the samples derived from
sample A2, resistivity is marked by a negative TCR and lack
of peak structure, in line with the fact that their TB’s are
below 2 K. At very low temperature, the resistivities of all
A2 samples depart from their almost linear trend. It will be
shown later that this upward departure is related to magnetic
ordering. Sample B2 has a resistivity almost overlapping that
of sample A2-5b.
The fact that two bars, samples A2-5c and A2-5d, from
the same bulk sample show resistivity differences of almost a
factor of 2 reveals a homogeneity problem, although magne-
tostatic measurements have yielded fairly consistent results
for all A2-derived samples. Various groups have produced
quite different resistivity data for arc-melted samples.1,21,22
The cleaved arc-melted ingots show visible grain boundaries
inside the bulk, which might account for part of the resistiv-
ity difference. More importantly the antisite disorder in
Fe2VAl is very sensitive to annealing and other conditions
under which samples are prepared. It is interesting to note
the correlation of the high-temperature susceptibility and the
overall magnitude of resistivity in samples A2-2b, 5b, 5d,
and 5b-ANN, i.e., the larger the susceptibility the smaller the
resistivity. This may be due to the difference in density of
states at EF , which resulted in a concomitant change of Pauli
susceptibility and conductivity.
The resistivity measured before annealing at 673 K
~sample A2-5b! is smaller than that after annealing ~sample
A2-5b-ANN!. Matsushita et al.21 have established that how a
sample of Fe2VAl is cooled from an anneal at 1073 K will
TABLE VI. Results of a two-cluster Langevin fit. Magnetic moments (m1 ,m2 ,mavg) are in units of mB ,
fraction of clusters ~a! that have m1 in percentage, magnetizations (s0 ,sS) in 1023 mB /f.u., and cluster
density (sS/mavg) in per f.u.
Sample T m1 a m2 mavg s0 sS
sS
mavg
A2-2b 2 K 37 39% 3.1 16 4.6 24 0.0015
A2-2c 2 K 8.0 55% 1.6 5.1 2.7 20 0.0039
A2-5a 2 K 17 43% 2.7 8.9 2.5 21 0.0024
A2-5b 2 K 26 34% 3.2 11 2.3 21 0.0019
A2-5d 2 K 23 40% 3.3 11 2.6 24 0.0022
A2-5b-ANN 2 K 13 44% 2.5 7.1 4.8 21 0.0030
B2 2 K 71 46% 4.3 35 4.6 53 0.0015
B2 30 K 547 7% 11 48 7.1 48 0.0010
FIG. 5. Resistivity of Fe2VAl. Inset shows the correlation of
TCR and resistivity at T5150 K and 273 K. The solid and dashed
lines are results of linear regressions.
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determine the magnitude of its resistivity. We want to stress
that their anneal is different from our additional low-
temperature anneal.
We also measured resistivity vs temperature down to 4 K
in a 5.5 T magnetic field ~Fig. 6!. The resistivities of samples
A1, A2-2b, and B2 were all suppressed in the field, but only
at low temperature. The peak of sample A1 was shifted to
around 40 K and considerably broadened. The suppression of
the resistivity of sample A2-2b with applied field indicates
the magnetic origin of its upward tail at low temperature.
The resemblance of these two sets of data around the bifur-
cation point, with and without magnetic field, suggests the
same kind of residual magnetic ordering, i.e., the magnetic
moments of sample A2-2b responded to the applied mag-
netic field the same way as in sample A1 just above TB .
Sample B2 did not show an appreciable field dependence
until around 25 K. In this case, a resistivity maximum was
formed, even though without field no maximum was ob-
served. Samples A2, B2, and A1 give a unique set of resis-
tivity data on the magnetic scattering in the presence of ex-
ternal magnetic fields. The suppression of resistivity and the
shift or formation of a peak at higher temperature in mag-
netic fields are both consistent with the field alignment of the
spins of SPM clusters, thus making the lattice more ordered
for transport and making it harder to thermally break the
ferromagnetic alignment of the SPM clusters. The magnetic
transformation of samples A2, B2 to sample A1 found here
echos our results from the magnetic susceptibility.
Now we try to assess our resistivity data quantitatively,
according to possible theoretical models. Several
references1,22 modeled Fe2VAl as a narrow-gap semiconduc-
tor. We fitted our resistivity with r5rconst1r03eDE/kBT.
Between 240 and 300 K, DE was 0.015 eV for samples A1
and A2-2b. For all other samples except B1, the activation
energy DE was 0.025–0.035 eV. Endo22 reported a semicon-
ducting gap of 0.07 eV which is close to our gap, 2DE .
However, this gap cannot be taken as exact since the tem-
perature may not be proper to treat the electrons as a nonde-
generate gas. The infrared reflectance spectra are also incon-
sistent with a real semiconducting band gap. In the case of a
0.06-eV band gap, carriers would be frozen at 4 K by the
Fermi-Dirac distribution and cause a significant drop of the
free-electron concentration. Below 25 K, we can fit the up-
ward resistivity to an energy gap of less than one-tenth of a
meV. We dismiss this gap at low temperature as not physi-
cally meaningful because the Fermi-Dirac distribution at 2 K
easily overwhelms it. Besides, SPM was shown to be related
to this upward trend, casting doubt on its electronic origin.
Other physics is possible behind this activation energy of
tens of meV. But first, we need to realize that the Boltzmann
formulation for conduction is not appropriate for Fe2VAl.
From our FTIR data, the mean free path (vFt) for electrons
is 27 Å at 4 K and 24 Å at 300 K. With an electron wave-
length 2p/kF around 34 Å, we cannot use the semiclassical
Boltzmann equation and assume the phase memory of elec-
trons is lost in the scattering process. We have to treat this
problem using the more general Kubo-Greenwood and
multiple-scattering formulations.
Bergmann23 first pointed out that weak localization
through multiple scattering and quantum interference can
give an additional contribution to electron localization. This
effect is relatively strong when the scattering length is short.
Raising the temperature will cause electrons to collide with
phonons inelastically, thereby losing coherence, enhancing
the conductivity. Weak localization can produce a negative
TCR. On the other hand, the application of a magnetic field
introduces a relative phase shift of 2eDf/\ , which normally
destroys the constructive interference and enhances the con-
ductivity. We did not find much change of resistivity with a
field of 5.5 T for most of the temperature range in which a
negative TCR was observed. We therefore regard weak lo-
calization not to be the primary mechanism causing the nega-
tive TCR in Fe2VAl.
Large amounts of disorder in amorphous semiconductors
will create mobility edges at the band tails. Beyond the mo-
bility edge, the carrier contribution to the conductivity is
nominally zero. The DOS of FeVFeAl calculated from first
principles can be split into two subbands above and below
EF due to the crystal field and metallic bonding.7–9 With a
large amount of antisite disorder introduced, a mobility edge
on each of the two subbands will be formed right above and
below EF , leaving the states in between localized. The DOS
between these two mobility edges will increase with more
disorder, filling the void of the pseudogap. The mobility
edges will also move toward the centroids of the subbands
with more disorder. A rise of temperature will cause more
delocalized states above the upper mobility edge and below
the lower mobility edge to be involved in the conduction
process, giving a negative TCR. This conduction process
will probably not cause changes in the Drude term in the IR
FIG. 6. Magnetic-field dependence of the resistivity of Fe2VAl.
The applied magnetic field is 5.5 T.
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due to its short mean scattering time and strong damping.
But it is possible that the large density of states at EF , as
seen in the photoemission and specific-heat measurements,
comes from localized states.
It is interesting to notice that a negative TCR is prevalent
in Fe42xSix for 0<x<1,24 (Fe0.8M0.2)3Si with M5V, Mn,
Cr, Ni, Co,24 (Fe12xVx)3Si for 0<x<0.2,24 (Fe12xCox)3Si
for 0<x<0.6,24 (Fe12xVx)3Ga for 0<x<0.3,25
(Fe12xTix)3Ga for 0<x<0.3,25 and (Fe12xVx)3Al for 0
<x<0.35.1 Recently Zarek et al.26 reported that Fe2VAl in a
simple cubic lattice also shows a negative TCR between 4.2
and 300 K. With only FeVFeAl in a semimetallic ground
state, the negative TCR in these alloys may have little to do
with semimetallicity. Mooij27 studied the transport properties
of a number of transition-metal alloys finding that high re-
sistivity with concomitant negative TCR was a ‘‘universal’’
property of many. Disordered phases were noted for more
effectively creating negative TCR than their ordered counter-
parts. Putting impurities into pure metals can create a nega-
tive TCR. For example, doping up to 33% Al into pure Ti
induced a transition from a positive to a negative TCR. The
temperature span of this negative TCR was very wide for
many alloys. An important conclusion was drawn that the
transport properties of these alloys have little dependence on
crystal structures or band structures. We think the intrinsic
disorder of the Heusler structure is the likely cause of the
negative TCR of the above alloys.
Mooij27 set a room-temperature resistivity of 150 mV cm
as the universal criterion for the sign of TCR; if the room
temperature resistivity of a sample is larger than this value it
is likely to have a negative TCR. Later, Tsuei28 collected
more data and concluded that Mooij’s criterion was based on
too small a data set and that the ‘‘universal criterion’’ of
150 mV cm is not universal. He also argued that the nonuni-
versality of the Mooij correlation is mostly attributed to the
competition between the quantum-mechanical effects of in-
cipient localization and classical Boltzmann electron trans-
port. However, there is still a unique and monotonic correla-
tion between the TCR and resistivity for a specific disordered
metallic system. The crossover resistivity rc from negative
to positive TCR is not universal to all materials, but depen-
dent upon the individual material characteristics. rc is given
by28
rc5rB~0 !F12 3
~kFle!2
1
6.75
~kFle!4
G21,
where
rB~0 !5
3p2\
e2kF
2 le
,
the Boltzmann resistivity at T50 K and le is the elastic
mean free path. Since actual numerical analysis28 reveals a
fairly linear relation between the TCR and the resistivity near
and below zero TCR, we plot our samples’ TCR-vs-
resistivity at 150 and 273 K in the inset of Fig. 5. From linear
regression we get rc5492 and 342 mV cm at 150 and 273
K, respectively. Both are larger than the value suggested by
Mooij. If we use kF51.83107 cm21 from our FTIR analy-
sis, le is 11.4 Å at 150 K and 14.2 Å at 273 K. These
values are about half the le’s obtained from the FTIR data
analysis. Since we did not measure a series of samples with
various levels of disorder, we could not claim that these val-
ues have a firm physical meaning. Nevertheless, this analysis
gives us at least a clear understanding that the disorder in
Fe2VAl alloys plays an important role in many physical
properties.
Without the interference of magnetic ordering in Fe2VAl
samples at low temperature, the residual resistivity (rRES)
would be the almost-linearly-temperature-dependent resistiv-
ity extended to 0 K. Understanding rRES in these Heusler
alloys, without the complication due to the anomalously
large magnetic scattering24,25 present, should shed some light
on this negative TCR. The rRES of (Fe12xVx)3Ga,
(Fe12xVx)3Si, and (Fe12xVx)3Al are plotted in Fig. 7. The
data points have been taken from Ref. 1 for (Fe12xVx)3Al,
Refs. 24 and 29 for (Fe12xVx)3Si, and Refs. 22 and 25 for
(Fe12xVx)3Ga.
Work on Fe3Si12xAlx ~Ref. 30! yielded considerable in-
sight on the effect of disorder in Heusler alloys. It was found
that the Al-Fe site disorder can be assumed to be propor-
tional to the amount of Fe3Al present in Fe3Si, resulting in a
linear relation of rRES and x. The Si-Al disorder scattering
has a parabolic dependence on x, vanishing at x50 and x
51. In Fig. 7 the rRES of (Fe12xVx)3Si and (Fe12xVx)3Ga
can be similarly understood in terms of Fe3Si, Fe2VSi,
Fe3Ga, and Fe2VGa. The resistivity induced by the Fe-V
disorder in these two series can be estimated to be of the
order of 100 mV cm. The distortion of the parabolic shape
in (Fe12xVx)3Ga is obvious, with the peak position moving
to x50.25. The gross shape of rRES vs x of (Fe12xVx)3Al
seems to contradict the above simple model of antisite dis-
order. However, in the following we shall see that the rRES
of (Fe12xVx)3Al can be approximated as well by the homo-
geneous mixing of Fe3Al and Fe2VAl with intrinsic disorder
in both compounds.
The linear dependence of rRES on x between end-point
compounds has a root in percolation theory. When two me-
dia are mixed homogeneously and each makes a closed cir-
cuit, we have in effect two resistors in parallel. Assuming
R15
r1l
xA and R25
r2l
~12x !A ,
one gets
r tot~x !5
r2r1
r11~r22r1!x
,
where x is the volume fraction of the phase with resistivity
r1. When r1 and r2 are not very different, r tot(x) is almost
a straight line connecting the end points. This is indeed the
case in Fe3Si12xAlx , (Fe12xVx)3Si, and (Fe12xVx)3Ga. But
when there is a large difference between r1 and r2, as in the
case of Fe3Al and Fe2VAl, the above formula gives an up-
ward curvature, similiar to our experimental data. Shown in
the inset of Fig. 7 is the experimental rRES with that from
percolation mixing of end-point compounds subtracted. It is
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observed that the difference curve for (Fe12xVx)3Al has a
parabolic shape with even more distortion than that for
(Fe12xVx)3Ga. We think the shift of the ‘‘parabolic’’ peak is
probably related to stronger multiple scattering due to elec-
tron localization. Although it is very crude to assume that
(Fe12xVx)3Al is a simple mixture of Fe3Al and Fe2VAl with
Fe-V disorder considered additionally, there are experimen-
tal indications of a continuous ferromagnetism-to-SPM tran-
sition from Fe3Al to Fe2VAl.5
VIII. SUMMARY
Through our investigation, Heusler-like Fe2VAl is re-
garded as having mostly the FeVFeAl structure but with se-
vere antisite disorder. This leads to large deviations of physi-
cal properties from the theoretical speculations based on the
ideal FeVFeAl structure. Magnetically, SPM clusters form
out of antisite disorder. However, not all antisite disorder
results in the formation of SPM clusters. If we assume each
disordered FeVFeAl formula unit contributes an average of
2mB , with the available data on saturation magnetization
and ferromagnetic coupling assumed, there are about only
1 –2 % of the formula units in SPM states. The moments of
Fe atoms in other disordered cells are probably locked in a
spin-glass or antiferromagnetic state with no average mo-
ment.
The electronic structure of Fe2VAl is not strongly per-
turbed by antisite disorder except near EF . The DOS can be
decomposed into two parts. The FeVFeAl phase has a DOS
predicted from first-principles calculations. This phase is the
origin of the observed Drude conductivity. The disordered
phase has a large DOS near EF and these states are localized.
Away from EF , there are delocalized electrons and holes on
the far sides of the mobility edges. With EF falling in the gap
of the DOS of itinerant carriers, the mobile free-carrier den-
sity is small and has little temperature dependence. However,
with an increase of temperature, more delocalized carriers
from the disordered phase are involved in the conduction
process, giving a negative TCR. The very large rRES of
Fe2VAl is due to the low density of carriers in the ordered
phase and the freezing of delocalized carriers in the disor-
dered phase. With most of the DOS at EF from localized
states, the intensity of Fermi-edge photoemission1 and the
specific-heat coefficient are enhanced in Fe2VAl relative to
the ordered phase. Recent resonant photoemission experi-
ments found that the partial DOS calculated from first prin-
ciples depicts the valence band of Fe2VAl very well, except
near EF .2 This finding is in qualitative agreement with our
assignment of the DOS as well. We found no evidence in
these samples for heavy-fermion behavior.
We can make a simple comparison of the electronic prop-
erties of Fe2VAl and amorphous Si. With similar DOS’s, the
negative TCR in Fe2VAl results from the same physics that
caused the resistivity to drop with increasing temperature in
amorphous Si. The optical-absorption edge in amorphous Si
is not very sharp and falls off exponentially according to
Urbach’s rule because of the transitions from and to the tail
states. Optical conductivity of similar shape near the onset of
interband absorption is also observed in Fe2VAl.
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